Developmental endothelial cell locus-1 (Del-1) glycoprotein is secreted by endothelial cells and a subset of macrophages. Del-1 plays a regulatory role in vascular remodeling and functions in innate immunity through interaction with integrin ␣ V ␤ 3 . Del-1 contains 3 epidermal growth factor (EGF)-like repeats and 2 discoidin-like domains. An Arg-Gly-Asp (RGD) motif in the second EGF domain (EGF2) mediates adhesion by endothelial cells and phagocytes. We report the crystal structure of its 3 EGF domains. The RGD motif of EGF2 forms a type II= ␤ turn at the tip of a long protruding loop, dubbed the RGD finger. Whereas EGF2 and EGF3 constitute a rigid rod via an interdomain calcium ion binding site, the long linker between EGF1 and EGF2 lends considerable flexibility to EGF1. Two unique O-linked glycans and 1 N-linked glycan locate to the opposite side of EGF2 from the RGD motif. These structural features favor integrin binding of the RGD finger. Mutagenesis data confirm the importance of having the RGD motif at the tip of the RGD finger. A database search for EGF domain sequences shows that this RGD finger is likely an evolutionary insertion and unique to the EGF domain of Del-1 and its homologue milk fat globule-EGF 8.-Schürpf, T., Chen, Q., Liu, J., Wang, R., Springer, T. A., Wang, J. The RGD finger of Del-1 is a unique structural feature critical for integrin binding. FASEB J.
Developmental endothelial cell locus-1 (Del-1) was originally identified as an extracellular matrix protein expressed by endothelial cells during embryonic vascular development. Del-1 was shown to promote adhesion of endothelial cells through its interaction with integrin receptors. It acts as a negative factor in vascular remodeling in the breaking-and-restructuring process during embryonic development (1). The 52-kDa Del-1 molecule has 3 N-terminal EGF-like domains, followed by 2 discoidin I-like or factor V C domains (2), C1 and C2. Interestingly, the second epidermal growth factor (EGF) domain (EGF2) contains an Arg-Gly-Asp (RGD) motif (1) . The 3-residue RGD peptide motif was originally identified in fibronectin as responsible for mediating cell attachment. RGD motifs that function in integrin binding were later found in many other extracellular matrix proteins (3) . All known RGD receptors on cell surfaces belong to the integrin family. Eight vertebrate integrins recognize an RGD motif in ligands (4, 5) . In Del-1, this RGD motif is responsible for mediating the attachment of endothelial cells through binding to integrin ␣ V ␤ 3 (1) . An Arg-Ala-Asp (RAD) mutant Del-1 was inactive in ␣ V ␤ 3 -binding (6) . Furthermore, Del-1 expression is low in normal brain tissue and is enhanced after cerebral ischemia, suggesting that this protein may participate in ischemia-induced angiogenesis (7, 8) . More recently, Del-1 was found to bind leukocyte integrins (9) .
Del-1 has been further implicated as a bridge between apoptotic cells and phagocytes. Del-1 specifically binds phosphatidylserine (PS) on apoptotic cells in a high-affinity interaction with its C1 and C2 lipid-binding domains (10) . This leaves the RGD-bearing EGF domain of Del-1 available for binding to integrins on phagocytes. A closely related structural and functional homologue of Del-1 is milk fat globule-EGF 8 (MFG-E8; ref. 11) . When cells are triggered to undergo apoptosis, PS will be exposed on the cell surface as an "eat me" signal. Del-1 and MFG-E8 function as secreted PS opsonins to facilitate the "tethering" of the apoptotic cells to phagocytes, for further "tickling" and clearance of the apoptotic cells. Del-1 and MFG-E8 provide molecular diversity to innate immunity to eliminate these dead cells. These two proteins are produced by distinct populations of macrophages (10) . Moreover, whereas Del-1 is secreted from endothelial cells, MFG-E8 is secreted from epithelial cells (12) . The bridging function of Del-1 and MFG-E8 is reminiscent of the mechanism with which innate immunity eliminates pathogens. That process involves complement C3 as an opsonin, bridging pathogens and phagocytes for pathogen clearance (13) . As ligands for integrins ␣ V ␤ 3 and ␣ V ␤ 5 , Del-1 and MFG-E8 also participate in angiogenesis and may represent relevant targets in cancer and other related diseases (14) .
We report here the crystal structure of the 3 EGF domains of Del-1. We show that the RGD motif is located at the tip of the RGD finger, a long protruding loop at the N-terminal end of the EGF2 domain. We describe the calcium-binding site and O-linked as well as N-linked glycosylation sites in the EGF domains. Through cell adhesion assays, we demonstrate the critical importance of having the RGD motif at the tip of the RGD finger. The functional significance of these structural features and the comparison with other RGD motif-containing structures are discussed.
MATERIALS AND METHODS

Protein expression and purification
The 3 EGF-like domains of human Del-1 (D24-K157; EGF123) were PCR-amplified from Del-1 cDNA (MGC: 26287; Open Biosystems, Lafayatte, CO) and ligated into the pLEXm vector (15) , together with an N-terminal mouse immunoglobulin chain signal peptide and a C-terminal hexahistidine tag. The Del-1-Fc fusion construct was made by subcloning a DNA fragment containing Kozak sequence, signal peptide, and EGF123 into the ET-5 vector, which fuses the C terminus of EGF123 in frame to human Fc␥1. Point mutations and deletions were introduced by overlap-extension PCR and confirmed by DNA sequencing.
His-tagged Del-1 was expressed in human embryonic kidney (HEK) 293S GnTI Ϫ cells (16) by transient transfection with pLEXm-Del-1, as described previously (17) . Del-1-Fc fusion proteins were obtained by transfecting HEK293T cells with ET-5-Del-1 following the same procedure. In functional assays, supernatant from mock-transfected HEK293T cells was used as a control. His-tagged Del-1 was purified from cell culture supernatants using NiNTA beads (Qiagen, Valencia, CA) followed by gel filtration over a Superdex 200 10/300 GL column (GE Healthcare, Piscataway, NJ) equilibrated with 20 mM HEPES (pH 7.5) and 100 mM NaCl. Del-1-containing fractions were pooled and concentrated to 15 mg/ml. Serumfree transfection supernatants containing Del-1-Fc proteins were cleared by centrifugation, 0.2-m filtered, and used directly for experiments.
Crystallization and structure determination
Crystals were grown at room temperature by the hangingdrop vapor-diffusion method. Equal volumes of protein solution (15 mg/ml in 20 mM HEPES, pH 7.5, and 100 mM sodium chloride) and reservoir solution (100 mM sodium acetate, pH 4.6; 30% PEG 4000; and 200 mM ammonium acetate) were mixed, and crystals appeared in 1-2 d. The reservoir solution supplemented with 15% (w/v) glycerol was used as a cryoprotectant. Diffraction data were collected at beamlines 24-ID-C and 19-ID at the Argonne National Laboratories (Argonne, IL, USA). The structure of Del-1 EGF repeats was determined by molecular replacement using the structure of human Notch-1 EGF domains 12-13 (Protein Data Bank [PDB] code 2VJ3) as the search model. Structure refinement and model building were performed with PHENIX (18, 19) and Coot (20) . The model was validated with MolProbity (21) . The data statistics and refinement results are listed in Supplemental Table S1 . The coordinates and structure factors of the Del-1 structure have been deposited in the PDB (code 4D90).
Molecular weight measurement
Size-exclusion chromatography/multiangle light scattering (SEC/MALS; Wyatt Technology, Santa Barbara, CA, USA) analysis was used to measure the molecular weight of the Del-1 EGF123 fragment in solution. Protein (6.2 mg/ml, 200 l) was loaded on a Superdex 200 column equilibrated with 20 mM HEPES (pH 7.5) and 100 mM sodium chloride. The molecular weight was measured according to the user manual.
HEK293-␣ V ␤ 3 cells
HEK293 cells were cotransfected with full-length ␣ V and ␤ 3 cDNAs in pEF1-puro (22) and pcDNA3.1/myc-His (23), respectively. Cells were selected in medium containing puromycin (1 g/ml) and G418 (400 g/ml) 40 h post-transfection. Live cells were further sorted based on ␣ V ␤ 3 expression to obtain single clones. Control HEK293 cells were transfected with vector cDNA only.
Cell adhesion assay
Del-1 substrates were prepared by coating wells of a microtiter plate with protein A (10 g/ml in 100 mM carbonate, pH 9.6; Sigma, St. Louis, MO, USA) and blocking with heat-treated BSA. Transfection supernatants containing Del-1-Fc fusion proteins were diluted 2-fold with HBS/BSA (20 mM HEPES, pH 7.4; 135 mM NaCl; 5 mM KCl; 5.5 mM glucose; and 1% BSA) and directly added to protein A-coated wells (50 l) for 1 h at 37°C. Remaining protein A binding sites were blocked with 1 mg/ml human ␥-globulin (Sigma). HEK293-␣ V ␤ 3 cells were fluorescently labeled as described previously (17) and resuspended at 2 ϫ 10 6 cells/ml in HBS/BSA containing 2 mM Mn 2ϩ /0.2 mM Ca 2ϩ and 25 g/ml of mouse IgG 1 (Sigma) or blocking anti-␤ 3 monoclonal antibody 7E3 (24) . Cell adhesion to Del-1 substrates was measured as described previously (17) . Adhesion to wells coated with mock transfection supernatant was subtracted from adhesion to Del-1-coated wells.
Multimeric Del-1 binding assay
Multimeric Del-1-Fc immune complexes were formed by adding FITC-labeled goat anti-human Fc␥ (100 g/ml; Sigma) to Del-1-Fc transfection supernatants, which were diluted 2-fold with HBS and incubated for 30 min at room temperature in the dark. As a control, supernatant from mock-transfected cells or human myeloma IgG1, (2.5 g/ ml; Sigma) were complexed with anti-human Fc␥-FITC as described above. HEK293-␣ V ␤ 3 transfectants were washed once with HBS/10 mM EDTA and twice with HBS. 
RESULTS
Structure of EGF domains of Del-1
The Del-1 EGF123 protein expressed in the HEK293S GnTI Ϫ cell line yielded diffraction quality crystals in the P32 space group with 62% solvent. The structure has been determined to 2.6 Å resolution with molecular replacement using Notch EGF domains 12-13 (PDB code 2VJ3) as a search model. Figure 1A shows the sequence of EGF123 with secondary structures and disulfide bonds assigned, and Fig. 1B is the ribbon diagram of the 2 EGF123 molecules in the asymmetric unit. The EGF3 domain abuts EGF2. By contrast, a 12-residue, highly acidic linker separates the EGF1 and EGF2 domains (Fig. 1A) . The linker has a short 3 10 helix in the middle. This long linker should render the EGF1 domain mobile relative to EGF2-EGF3 in solution. In the crystal, most parts of the EGF1 domain do not have any contacts with neighboring molecules. However, the linker between EGF1 and EGF2 curves around a protruding loop of the other molecule's EGF2 domain, such that the 2 molecules pack in a head-to-head fashion in the EGF2 regions, with the EGF1 domains bending ϳ90°away (Fig. 1B) . The very C-terminal segment of the EGF1 domain, Ser60-Ser61-Val62, actually forms a short antiparallel ␤ structure with main-chain atoms of Tyr95 on the other molecule's protruding loop of EGF2 domain (Supplemental Fig. S1 ). The segment of Ser60-Ser61-Val62 is just next to the disulfide bond of Cys59-Cys50. These hydrogen bonds allow for the small EGF1 domain to be positioned in the crystal, but with a significantly higher average temperature factor of 130 as opposed to 52 and 54 for EGF2 and EGF3 (Supplemental Table S1 ). Accordingly, electron densities of the EGF1 domain are less well defined than in the other 2 domains, and densities are missing for residues 40 -44 of molecule A and residues 40 -45 of molecule B, which are at the very tip of their EGF1 domains ( EGF is a small module, with the size of only 35-50 amino acid residues. It is stabilized by 6 conserved cysteines forming 3 disulfide bonds in the pattern of 1-3, 2-4, and 5-6 (25) . EGF domains 1, 2, and 3 of Del-1 have 40, 43 and 37 residues, respectively. In addition to the 3 disulfide bonds, there is a small segment of ␤ ribbon, as shown in Fig. 1A , B. More than a dozen intradomain hydrogen bonds seen in each EGF domain should help to keep the small domain in a defined shape.
Calcium-stabilized rodlike EGF2-EGF3 entity
A large subgroup of EGF domains bind calcium (26) . In the difference electron density map, we observed a peak above 6 level at the interface between EGF2 and EGF3 in each molecule in the asymmetric unit. We assigned the observed density as Ca 2ϩ (Fig. 1C) . The cation has 7 ligands forming a pentagonal bipyramid, as seen in EGF domains from human clotting factor IX (27) . In the EGF123 structure, among the 7 Ca 2ϩ Figure 1 . Structure of 3 EGF domains of Del-1. A) Sequences of 3 EGF domains with secondary structures and disulfide bonds assigned. The linker between EGF1 and EGF2 is shown separately after EGF1. Brown arrow denotes ␤ strands, and the blue wave sign indicates a short helix. Glycosylation sites are shown in red, and the RGD site in EGF2 is in cyan. The missing part of EGF1 in the current model is in italic and underlined with a broken line. B) The 2 molecules in ribbon drawing pack head-to-head in the asymmetric unit. The 3 EGF domains in the cyan molecule are labeled. The linker between EGF1 and EGF2 is in dark blue. C) ␣-Carbon skeleton drawing of the cyan molecule. View is rotated roughly 90°a round a vertical axis from that in panel B. The RGD finger, the cation Ca, the metal-binding site, and 3 glycosylation sites are depicted. The 3 disulfide bonds in each of the EGF domains are shown in orange. The linker is in dark blue as in panel B.
ligands, 3 are contributed by EGF2 and 4 by EGF3 (Figs. 1C and 2A) . Two negatively charged residues from EGF3 (Glu122 and Asp136) directly bind and neutralize the cation. From EGF2, 1 side-chain amide oxygen of Asn119 coordinates the cation. In addition, 3 main-chain carbonyl oxygens from Ile120 and Gly110 (indirectly through a water molecule) of EGF2 and Leu137 of EGF3 also participate in coordination. A proposed calcium-binding consensus sequence of AspLeu/Ile-Asp-Gln-Cys (26) is similar to the sequence observed here, Asn119-Ile-Asn-Glu-Cys, the junction of the EGF2 and EGF3 domains. The coordination geometry is similar to that in Notch EGF 12-13 (Fig. 2B ), the search model used to determine our structure. Indeed, the two abutting Notch EGF 12-13 domains can be superimposed onto EGF2-3 of Del-1 with an RMSD value of 1.9 Å for 83 residues. Supplemental Fig. S3 depicts the overlay of Notch EGF12-13 onto EGF2-EGF3 of Del-1 and shows that the interdomain orientation between EGF12 and EGF13 in Notch is essentially identical to that between EGF2 and EGF3 in Del-1. This finding agrees with the notion that a Ca 2ϩ rigidifies the interdomain junction, leading to a near-linear, rodlike arrangement of 2 adjacent EGF domains (28) .
Ca 2ϩ binding appears important for orienting neighboring modules relative to each other in a manner that is required for biological function (26) . The neighboring module can be another EGF domain, as seen here in Del-1, or can also be a different small disulfide-rich module, as in fibrillin (29, 30) . Therefore, like many other EGF-containing proteins, Del-1 has its EGF2 and EGF3 domains lined up in a stiff rodlike structure, with a flexible EGF1 domain attached N-terminally to it.
Unusual glycosylation sites
EGF domains are known to have some unusual posttranslational modifications, as manifested in Notch. Among others, O-linked fucose has been found at- In Del-1, clear densities can be seen for assigning a fucose moiety attached to Thr88 within the sequence Cys83-His-Asn-Gly-Gly-Thr-Cys89 of EGF2 (Supplemental Fig. S4) , which fits the consensus sequence mentioned above. No densities for further carbohydrate residues can be assigned. In the literature, the function of this O-fucose alone and its glycan elongation have received extensive discussion, as reviewed for the Notch receptors (31, 32, 34) . There is evidence that Escherichia coli-expressed human Notch1 ligand-binding domains without glycosylation appear to be well folded (35) . A recent elegant study comparing structures of a chemically synthesized nonglycosylated EGF domain with a glycosylated version reveals a correctly formed structure without glycosylation. The NMR data also show that the methyl group of the fucose in the O-fucosylated form may stabilize the conformation of the domain (35, 36) . The O-fucosylation site on Del-1 is on EGF2, on the opposite side of the integrin-binding RGD loop. As will be discussed later, it is therefore unlikely that the sugar moiety is directly involved in integrin binding.
The difference maps also show significant density extending from the side chain of Thr73 in the linker between EGF1 and EGF2. Both GlcNAc and GalNAc can be O-linked to Thr, and the density does not allow for distinguishing between these two sugars. We have built O-␤-GalNAc at this site, which is the most common O-linked carbohydrate residue. In addition to the 2 O-linked glycosylation sites, there are 2 potential Nlinked glycosylation sites in EGF123. Clear density demonstrates a sugar residue attached to Asn140 of EGF3 (Fig. 1C) . The other potential glycosylation site is at the sequon Asn58-Cys-Ser within EGF1. However, we could not see any density for a glycan attached to Asn58, even though partial Endo H digestion confirms at least partial glycosylation of Asn58 (data not shown). Like the O-fucosylation site, the 3 residues (Asn58, Thr73, and Asn140) and their glycosylation modifications are located at the opposite side of the RGD loop (Fig. 1C) . Therefore, these glycans are unlikely to directly engage in integrin binding. 
Projection of an RGD finger as a long loop
A biologically most interesting feature of the structure is the 13-residue loop (Ile91 to Tyr103) projecting out of the ␤ ribbon in the EGF2 domain. An RGD motif is located at the very tip of this loop that we term the RGD finger (Fig. 1C) . Figure 3A illustrates the local conformation of the loop. One remarkable feature of the finger is to have hydrophobic side-chain contacts on either side. A cluster of Ala94-Ile101-Tyr103 is located on one side of the finger, whereas on the other side, Tyr95 packs against Phe100 at a right angle, a commonly observed, energetically favorable interaction between aromatic rings in protein structures (37) . There are hydrogen bonds elsewhere along the loop (Fig. 3A) . In addition, as discussed above, when the two molecules pack into the crystal, the linker from one molecule wraps around the RGD finger of the other molecule, making important contacts, as seen in Fig. 1B and Supplemental Fig. S1 . These structural features all help define the long and otherwise floppy loop.
Note that in fibronectin, fibronectin type III domain 10 (FN10) also has an RGD motif positioned at the tip of the FG loop, significantly projecting out of the domain as well (38) . Another similar example of having an RGD motif at the tip of a long protruding loop is found in trimestatin, a member of the disintegrin family (39) . Despite having very different overall domain structures, these three representative molecules share one feature in common: A loop projection presents the RGD motif out of the molecular body at about the same distance for integrin binding. Figure 3B is a superposition of FN10 and disintegrin onto EGF2 of Del-1, based on the loop tips, which depicts the similar protrusion of the RGD-containing loop in these structures.
The binding of RGD-containing peptides to integrins ␣ V ␤ 3 and ␣ IIb ␤ 3 have been structurally documented (5, 40, 41) . In all cases, the RGD motif binds into a depression formed by the two integrin subunits. The Asp binds the metal ion-dependent adhesion site (MIDAS) on the ␤ I domain, whereas the Arg side chain reaches into a binding cavity in the ␤-propeller domain of the integrin ␣ subunit. These two residues constitute the major binding parts for interaction with the RGD-binding subset of integrins that do not have an I domain in their ␣ chain. We envision that an RGD finger in integrin ligands like Del-1 and others is well suited for such a "pointing-in" binding.
RGD finger is an evolutionary insertion unique to the EGF domain of Del-1 and MFG-E8
The 13-residue RGD finger in a small EGF2 domain of only 43 residues is an extraordinary structural feature. It connects the two antiparallel ␤ strands and is located between cysteines C 3 and C 4 (Fig. 1A, C) . We set out to search whether this is unique to Del-1. Using the Protein Structure Searching software by DaliLite (http:// ekhidna.biocenter.helsinki.fi/dali_server/start), we hit many known EGF domain structures that aligned with Del-1's EGF2 domain. It is striking that the C 3 -C 4 loop in Del-1 is longer than in any other known EGF domain structure. Figure 4A lists just the top 13 hits with a Z score above 4.
Since Dali-search only looks for known structures, we further performed a human genome-wide search of EGF-like domains using the Simple Modular Architecture Research Tool (SMART; ref. 42 ; http:// smart.embl-heidelberg.de/). There are 268 genes encoding proteins that contain Ն1 EGF domain, slightly more than the earlier estimation of 222 genes, which makes the EGF-like domain the 13th most populated module in human proteins (43) . Within these EGF-like-domain-containing proteins, 12 EGF domains are found to have an RGD motif. These EGF-like domains can be divided into 3 categories with respect to where the RGD motif is located (Fig. 4B) . The RGD-bearing C 3 -C 4 loop in Del-1 is 15 residues long (Fig. 4B, C) , so RGD motifs in shorter loop C 2 -C 3 ( Fig. 4B ) are unlikely to serve as a pointing-in integrin-binding ligand (Fig. 4C) . The (Fig. 4B ) and seems to have a protruding loop (Fig. 4C) . Whether this group of proteins uses its RGD-containing EGF domains as integrin ligands remains an intriguing subject for exploration.
Only 3 EGF domains in human proteins have an RGD motif between C 3 and C 4 (Fig. 4B ). As mentioned above, Del-1 and MFG-E8 belong to the same family. They are structurally and functionally homologous. MFG-E8 of most species is composed of 2 EGF domains at the N terminus followed by 2 discoidin-like domains. The first 2 of 3 EGF domains of Del-1 are homologous to the 2 EGF domains of MFG-E8. Del-1 and MFG-E8 both have an RGD motif in the loop between C 3 and C 4 of their EGF2 domain for integrin binding (44) . Interestingly human MFG-E8 has only one EGF domain, corresponding to the EGF2 in Del-1 and MFG-E8 of most other species (45) . From Fig. 4B , it is apparent that the RGD motif in the integrin-binding EGF domain of Del-1 and MFG-E8 is indeed centered in an unusually long loop, which makes the RGD reaching far out as a finger, suitable for contacting a depression formed between 2 integrin subunits. The long linker between EGF1 and EGF2 is unique to Del-1. The mouse MFG-E8 does not have such a linker between the two EGF domains, and human MFG-E8 has only one EGF domain (ref. 45 and Supplemental Fig. S5 ). The third protein in the category discussed is stabilin-1 (Fig. 4B) , which was reported to be responsible for lymphocyte trafficking both in vascular and lymphatic vessels (46) and also plays a role as scavenger receptor (47) . Since the RGD-carrying loop is substantially shorter than that of Del-1, stabilin-1 seems less likely to be an integrin ligand.
Centered position of the RGD sequence on the finger is crucial for integrin binding
To address whether the position of RGD at the tip and the length of the loop are critical for functions of Del-1, we carried out adhesion experiments. We tested the functional importance of 3 features of the RGD finger: the hydrophobic residues surrounding the RGD motif, the length of the finger, and the relative position of the RGD on the fingertip (Fig. 5A) . Mutants containing the 3 EGF-like domains of Del-1 were fused to a C-terminal human Fc␥1 tag. All mutants expressed at levels similar to wild-type Del-1, as confirmed by nonreducing SDS-PAGE (not shown). Adhesion of HEK293 transfectants expressing ␣ V ␤ 3 to wild-type Del-1 was stimulated by Mn 2ϩ and completely RGD and ␣ V ␤ 3 -dependent, because the Del-1 RGA mutant failed to support cell adhesion, adhesion was blocked by the anti-␤3 antibody 7E3, and nontransfected HEK293 control cells did not adhere (Fig. 5B, C) .
The hydrophobic residues Y95, F100, and I101 on the RGD-bearing loop were individually mutated to Ala. Furthermore, since Y95 and F100 pack against each other (Fig. 3A) , they were mutated to Ala simultaneously, as well (Fig. 5A ). All Del-1 mutants, in which a hydrophobic side chain was mutated, supported cell adhesion under activating conditions (Fig. 5C ), indicating that RGD-mediated adhesion is not affected by these loop residues. Unexpectedly the Y95A but not the Y95A/F100A mutant gained adhesiveness for a HEK293 cell surface protein (Fig. 5B, C) . This protein was different from ␣ V ␤ 3 and endogenously expressed on HEK293 cells, because cell adhesion was not blocked by 7E3 and nontransfected HEK293 control cells adhered to the Y95A mutant similar to the HEK293-␣ V ␤ 3 transfectants (Fig. 5B, C) . This activity gain appears to require Phe at position 100, because the Y95A/F100A double mutant showed wild-type behavior. Thus, the observed activity gain was not induced by disrupting the packing of Y95 and F100. The I101A mutant showed a similar non-␣ V ␤ 3 activity, although to a much lesser extent (Fig. 5B, C) . Adhesion to the F100A and Y95A/ F100A mutants was completely ␣ V ␤ 3 dependent.
Either 1 or 2 residues were deleted from each side of the RGD finger in mutants ⌬92,102 and ⌬92,93,101,102, respectively, thereby shortening finger length while keeping the RGD motif still centered at the fingertip (Fig. 5A) . The deleted residues were selected because they do not interact with residues outside the finger. Cell adhesion to Del-1 mutants with RGD centered on shorter fingers was not diminished, compared to wild-type Del-1, and completely ␣ V ␤ 3 dependent (Fig. 5B, C) . To test for the importance of having the RGD motif centered at the fingertip, Del-1 mutants ⌬92,93 and ⌬92-95 were compared. Those constructs have the RGD motif offcentered on similarly shortened loops (Fig. 5A) . Del-1 ⌬92,93 supported levels of cell adhesion similar to wild-type. Deleting 4 residues on the same side of the finger (mutant ⌬92-95), however, completely abolished ␣ V ␤ 3 -mediated cell adhesion (Fig. 5C ). This contrasts with deletion of the same number of residues on either side of the finger in mutant ⌬92,93,101,102, highlighting the importance of having the RGD motif located at the tip of the loop, as an RGD finger.
Soluble Del-1-Fc multimer binding to ␣ V ␤ 3 transfectants or HEK293 control cells was also tested by flow cytometry (Fig. 5D, E) . Wild-type Del-1 binding was inducible by manganese and was ␣ V ␤ 3 and RGDdependent (Fig. 5D, E) . Binding of the hydrophobic residue mutants Y95A, F100A, I101A, and Y95A/ F100A to activated ␣ V ␤ 3 was equal or higher compared to wild-type protein binding (Fig. 5E) . Unlike cell adhesion, binding in solution of all hydrophobic residue mutants was completely ␣ V ␤ 3 -dependent (Fig. 5D, E) . Shortening of the RGD finger by 2 and 4 residues with a centered RGD in ⌬92,102 and ⌬92,93,101,102, respectively, progressively enhanced integrin binding compared to wild-type. In contrast, offcentering RGD by 2 residues (⌬92-93) slightly diminished binding, and offcentering by 4 residues (⌬92-95) completely abolished binding to activated integrin (Fig. 5E ). All soluble ligand-binding results, except the Y95A mutant, were therefore consistent with what was found in cell adhesion assays.
Taken together, our data show that the hydrophobic residues surrounding the RGD sequence are not required to maintain the loop structure for integrin binding or to occupy hydrophobic binding pockets. We also demonstrate that Del-1 with RGD fingers shortened by 1 or 2 residues on either side retain their integrin binding activity, as long as the RGD sequence remains on the fingertip, whereas offcentering the RGD sequence by 4 residues completely blocks the integrin binding capability of Del-1. 
DISCUSSION
Del-1 was originally cloned and characterized as a matrix protein that promotes adhesion of endothelial cells through interaction with the integrin receptor ␣ V ␤ 3 . An RGD motif on the EGF2 domain was thought to be responsible for integrin binding (1) . The RGDassociated binding was later confirmed, because an RAD mutant was inactive (6) . The work we report here provides the structural basis for how Del-1 presents an RGD finger for integrin binding.
The 3 EGF domains of Del-1 are configured such that the abutting EGF2-EGF3 domains form a rigidified rodlike entity through an interdomain calcium coordination. In contrast, EGF1 at the N terminus is flexibly linked through 12 residues to EGF2. Crystal packing constrains the EGF1 domain to bend away from the EGF2-EGF3 rod, so that the RGD finger on a long protruding loop of EGF2 is fully exposed. The substantially higher average temperature factor of EGF1 compared to the rest of the molecule reflects the mobility of this domain. Notably, soluble Del-1-Fc multimer binding to ␣ V ␤ 3 transfectants has confirmed that in solution EGF1 does not interfere with the integrin-binding ability of the RGD motif. The 2 glycans (on Thr88 and Asn140) are located on the side of the EGF2-EGF3 rod opposite from the RGD motif, and the other glycan on Thr73 is in the linker and probably mobile. These are all favorably outside the integrin-binding interface.
One key observation of our Del-1 EGF domains structure is that the integrin-binding RGD motif resides at the very tip of a remarkable 13-residue protruding C 3 -C 4 loop, the RGD finger, of EGF2. Our cell adhesion assays clearly demonstrate that neither neighboring hydrophobic residues in the loop nor slight shortening of the loop affects the RGD-mediated adhesion. Rather, it is vital to have the RGD motif centered at the tip of a protruding finger. The ligand binding site of integrins is known to be located in a shallow depression formed between its 2 subunits (48). On binding to integrin, an RGD-bearing ligand presumably has to insert its RGDcontaining loop into this depression for recognition. Our structural and functional findings on Del-1 show that an RGD finger protruding out from a domain fits this requirement well. It is intriguing to observe that an RGD-containing loop in FN10 and disintegrin also have their RGD at the tip of a long protruding loop as discussed above (Fig. 3B) .
The EGF module was thought to provide a convenient structural scaffold for various functions, and in some cases to act as a spacer unit on cell-surface proteins (49) . Genome-wide search for all human EGF domains shows that only Del-1 and its homologous MFG-E8 have an RGD motif located at a similar position (Fig. 4B) . This conceivably reflects the evolutionary result of having an adequately long insertion between 2 cysteines, C 3 and C 4 , in the small EGF domain of Del-1 and MFG-E8 for integrin binding. In other words, the evolutionary insertion of the RGD finger of the right size on an EGF domain may be unique to Del-1 and MFG-E8, 2 important extracellular matrix proteins that are binding integrins and participate in innate immunity.
